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Along monotonous environmental gradients (such as increasing temperatures, salinities, heights, sedi-
ment coarseness, etc), numbers of species per unit area can change in consistent ways, either in
a monotonous or a more complex way (e.g. showing a peak somewhere along the gradient). We studied
patterns of species density in bivalves in a Wadden Sea tidal ﬂat area from a data set obtained by long-
term monitoring at numerous sampling stations at various distances (0e10 km) from the shore line. At
short distances from the shores, tidal ﬂats are generally high and sheltered from strong winds and tidal
currents and sediments are muddy. With increasing distance from the shore, both intertidal level as well
as shelter tends to decline, resulting in declining trends in mud content and increasing trends in median
grain size of the sediments. Species numbers in samples of 0.1 and 1 m2 were found to decline
monotonously with increasing distance from the shore. However, in large aggregated samples (38 m2),
maximal species numbers (approaching real species richness) were not found close to the shore, but had
shifted into an off-shore direction. As a consequence, differential multiplication factors had to be used to
obtain an asymptotic estimate of total species richness from actually observed ﬁgures of species numbers
in small samples that were taken in different areas: for samples of 0.1 m2 (1 m2) these factors amounted
tow3 (w2) in near-shore areas and tow6 (w2.5) in off-shore areas. Species accumulation curves were
differentially shaped in near-shore and off-shore areas and intersected, allowing a reliable estimate of
assemblage species richness in an area by extrapolation only when large aggregated samples (of well
over 1 m2) were available. The base of these differences was a differential distribution of abundant and
rare species. The few species with numerical densities frequently exceeding 100 individuals m2
occurred particularly in near-shore areas, whereas the more numerous low-density species
(<10 individuals m2) were more frequently observed in off-shore areas. Because small samples
adequately catch only the abundant species and almost completely miss rare species, they show little
more than the locations where abundant species occur. An unambiguous answer to the question “where
along a gradient is species density maximal” cannot be given, as it depends on sample size. Certainly on
tidal ﬂats, and may be in other heterogeneous benthic areas, too small samples give a false impression of
the location of hotspots of species richness.
 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Gradients of environmental factors and species richness are
omnipresent at all scales, from worldwide latitudinal (Gaston,
2000) to micro-scales. The present paper deals with relatively
ﬁne-scaled patterns of changes in environmental factors and
species density along a gradient of some 10 km perpendicular to the
shore line in a soft-bottom intertidal area..nl (J.J. Beukema).
-NC-ND license.Observed patterns of change of species richness along envi-
ronmental gradients are far from universal. They may be either
unidirectional (such as the well known increasing species richness
from the poles towards the tropics: Gaston, 2000; Lomolino et al.,
2010) or of a more complex nature, e.g. showing a humpback
(unimodal) shape with a maximal richness at some place at the
gradient (e.g. the observation in various invertebrates groups of
maximal species numbers at intermediate depths of continental
slopes: Lomolino et al., 2010) or otherwise. According to Nogués-
Bravo et al. (2008), the obtained type of pattern may depend on
the methods used, being more sensitive to scale (i.e. length of the
gradient section) than to grain size (surface area of single sampling
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possible inﬂuence of sampling grain size (range of size of individual
samples, from 0.1 to 38m2) on the pattern of species richness along
an environmental gradient and on the location of maximal
diversity.
Patterns in species density (number of species per unit area) can
be assessed by taking samples at equal distances along the gradient.
Generally, such samples will be too small to contain all or nearly all
species present. They must be aggregated to allow a fair estimate of
real species richness. The usual way to estimate species richness of
an area is by construction of a species accumulation curve: plotting
the increasing species number with increasing surface area
sampled reveals by extrapolation an asymptotic value of the species
number at very large sample sizes. If these total areas sampled are
too small to include a substantial portion of the species number
actually present, the asymptotic value may be a poor representa-
tion of the true species richness (Gotelli and Colwell, 2001). Various
extrapolation methods are available and have been tested to esti-
mate assemblage species richness (“g diversity”) from species
numbers encountered in individual samples (“a diversity”), in the
marine realm for instance by Foggo et al. (2003), Schoeman et al.
(2008), and Canning-Clode et al. (2008). Unfortunately, most
extrapolation techniques were found to yield serious underesti-
mates of the “true” species richness (Brose et al., 2003; Canning-
Clode et al., 2008), in marine areas most obviously so in the soft-
bottom environment (Canning-Clode et al., 2008). This bias
invariably declined with increasing sampling effort (Foggo et al.,
2003; Schoeman et al., 2008; Canning-Clode et al., 2008), raising
the question how large samples should be to predict with sufﬁcient
precision the “true” species richness.
Species accumulation curves show increases at a decelerating
rate to an asymptotic value that may be considered as the “true”
species richness. However, the exact shape of such accumulation
curves may differ in different areas, making the unavoidable bias in
the extrapolated value of species richness unpredictable and
probably different for different areas. For instance: if the assem-
blage is made up almost exclusively by species with high numerical
densities, the use of small samples may sufﬁce to estimate total
species number (because nearly all species are already represented
in small samples and larger samples would hardly add new species
to the list). On the other hand, in the case of an area that is
inhabited by many species of low abundance, large samples would
be needed to encounter a sufﬁcient proportion of the total
assemblage, i.e. to reach sufﬁcient “coverage” (Brose et al., 2003).
When most species are present in low numbers, the initial part of
the species accumulation curve is bound to rise slowly with
increasing sample size and a wide range of samples sizes (meaning
a high sampling effort) would be needed to reliably construct
a species accumulation curve and estimate the total species rich-
ness of the assemblage. Thus, when species richness of two or more
areas is to be compared, these areas may not necessarily have the
same shape of the species accumulation curve. The curves for the
two areas may even intersect (Gotelli and Colwell, 2001), meaning
that small and large samples provide opposite answers to the
question of which one of the two compared areas is the richest in
species. Therefore, the ﬁrst thing to do is studying the relationships
between sample size and species richness in the areas to be
compared.
The availability of data of a long-term and large-scale moni-
toring program of macrobenthic animals enabled us to study this
relationship in a Wadden Sea tidal-ﬂat area. We arranged the 15
sampling sites in the order of increasing distance from the shore,
which reﬂected gradients from sheltered to exposed conditions
(going with increasing coarseness of the sediments) and from high
to low intertidal heights (with increasing daily periods ofinundation). The pattern of change of species density along this
gradient was assessed for samples of a wide range of sizes: from
w0.1 to pooled samples ofw1, w10 andw38 m2.
Earlier studies of Wadden Sea macrozoobenthos ((Beukema,
1976, 1988; Dankers and Beukema, 1983: their ﬁgs 11 and 12;
Armonies and Hellwig-Armonies, 1987) revealed that species
numbers of benthic animals are maximal at intermediate rather
than at either very ﬁne or very coarse sediments. For individual
species, sediment/occurrence relationships showed a wide variety
of curve shapes, only part of them revealing maximal probability of
occurrence at intermediate sediment composition (Ysebaert et al.,
2002; Thrush et al., 2003; Kraan et al., 2010). However, summed
numbers of species with a certain minimal probability of occur-
rence at various sediment characteristics would invariably yield
maximal species numbers at intermediate values of mud content or
median grain size (compare ﬁgure 6 of Ysebaert et al., 2002 and
ﬁgure 3 of Thrush et al., 2003). Thus, species richness optima at
intermediate values of sediments characteristics may be the rule in
marine macrozoobenthos. Notable exceptions, however, were re-
ported by Compton et al. (2008), who found that bivalve species
numbers per sample consistently decline with increasing coarse-
ness of the sediment. Their ﬁnding of similar relationship of this
shape in a number of different soft-sediment areas around the
world (including tidal ﬂats in the Wadden Sea) suggests a generally
occurring relationship. Moreover, a similarly shaped relationship
was observed by Van Colen et al. (2010) for deposit feeding species
in an intertidal estuarine soft-bottom area. The question rises
whether the above results of species number maxima at interme-
diate versus ﬁne sediments are really contradictory or can be
attributed to methodological differences.
An obvious difference in methodology between the above
studies is applied sample size. The results reported by Compton
et al. (2008) were based on single samples each covering only
0.02 m2 and, therefore, called “point diversity”. As a consequence,
their counts of species numbers ranged from a mean value of
mostly 1 or 2 in samples taken in the ﬁnest (muddy) sediments to
<1 in the coarser sands, being an order of magnitude lower than
bivalve species numbers found in large samples taken in such areas.
The few species they found per sample may have been a non-
typical part of the fauna present, for instance by an underrepre-
sentation of species occurring in low numbers which would have
negligible chances to be collected in small samples.
The present study aims: (1) to ﬁnd out which pattern of species
density is characteristic along a gradient on tidal ﬂats perpendic-
ular to the shore; (2) to explore whether extrapolations of species
numbers with increasing sample size differ at different environ-
mental conditions and to judge in this way what minimal sample
size would provide a reliable estimate of assemblage species rich-
ness, and (3) to explain why the (monotonous) relationships
between sediment characteristics and species numbers per sample
as found by Compton et al. (2008) and Van Colen et al. (2010)
showed a shape that differed from the (humpback) relationships
as reported by Beukema (1976,1988), Dankers and Beukema (1983)
and Armonies and Hellwig-Armonies (1987).
2. Methods
2.1. Data collection
Since ca.1970, data on macrozoobenthos have been collected
twice annually for 40 years at 15 permanent (marked) sampling
stations (“sites”) located on Balgzand, a 50-km2 tidal ﬂat area in the
westernmost part of the Wadden Sea (Fig. 1). In the present study,
we use data collected in late-winter/early spring, when we took

























































Fig. 1. Map of the Balgzand area with position of the sampling stations. The full line is
the border of the intertidal area: mean low tide level LTL.
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inﬂuence of season on species number proved to be only slight:
during the 10 years of the 2000e2009 period, bivalve species
numbers averaged in winter 3.7e5.9 (3-sites mean 4.7) m2 and in
summer 3.3e6.7 (mean 5.3) m2 at the 3 sites where we took
identically-sized samples in all seasons.
Cores of sediment were sieved over 1-mmmesh and all animals
retained were identiﬁed and counted alive in the laboratory. We
call the number of different bivalve species found in a sample of
a certain size (area sampled) the species density, always with an
indication of this area, and usually as a mean value for a number of
samples of the same size taken at the same site. The total (accu-
mulated) number of different bivalve species found in all samples
taken at a site during the 40-year period is called the species
richness of the site.
Most sites (12) were 1-km long transects where 50 core samples
of nearly 0.02 m2 each were taken at distance intervals of 20 m,
together 0.95 m2 per site. Already before sorting, these 0.02-m2
samples were pooled per 100-m stretch, thus yielding each year at
each site 10 estimates of numbers per 0.095 m2 and 1 per 0.95 m2,
rounded in the following tow0.1 andw1.0 m2, respectively. The 3
other sites were squares of 900m2where 9 samples of nearly 0.1m2
and 9 samples ofw0.01 m2 were taken at randomly chosen places.
Together, these samples also yielded each year at each site similar
numbers of estimates of species numbers perw0.1 m2 andw1 m2.For larger samples, observed species numbers were obtained from
aggregation of the 1-m2 samples: 11 y  0.95 m2 ¼ w 10 m2 and
40 y  0.95 m2 ¼ 38 m2. For the 11-year period we have chosen
1998e2008, because this period did not experience any severe
winter, which would have temporarily declined species numbers
(Beukema and Dekker, 2011a). Further details on the sampling area,
the sampling stations, and the methods can be found in Beukema
and Cadée (1997).
2.2. Environmental conditions
The 15 sampling sites covered the entire intertidal range (from
w6 dm above to w8 dm below mean tide level MTL) and the full
range of sediment types on Balgzand. We analyzed the sediments
by a coulter-counter and characterized the sites by their mud
content (% of total dry weight of sediment consisting of particles of
<w16 mm) and by their median grain size, both of the upper
sediment layer (w5e10 cm depth), using 8-yr (2000e2007) mean
values per site from 5 sediment samples taken at 200-m intervals
along the transects, simultaneously with the zoobenthos samples.
Intertidal heights of each site were derived from sounding charts
kindlymade available by Rijkswaterstaat. We usedmean values of 5
height estimates along the transects. Comparison with earlier data
(Ente, 1969; Dapper and Van der Veer, 1981) learns that sediment
composition in the various parts of Balgzand remained remarkably
constant during the last decades. The same is approximately the
case for intertidal heights (comparison of various sounding charts).
Therefore, we think that it is warranted to pool data from a long
series of years.
When the sampling sites are arranged in order of increasing
distance from the SW shore of Balgzand, thus from the sheltered
and high near-shore part to the exposed low part of Balgzand, their
heights signiﬁcantly declined from a few dm below the mean high-
water level to a few dm below the mean low-water level (Fig. 2a).
Along this distance-to-the-shore gradient, median grain sizes
(m gr s) signiﬁcantly increased fromw100 tow250 m (Fig. 2b) and
mud contents (% mud) signiﬁcantly decreased fromw10 to close to
0% (Fig. 2c). These common correlations with distance from the
shore resulted in strong mutual correlations between the envi-
ronmental factors, with the following best linear ﬁts: %
mud ¼ 6.9 þ 0.95 height (r ¼ þ0.77. p < 0.001), m gr s ¼ 128e10.6
height (r ¼ 0.81, p < 0.001), and % mud ¼ 15e0.07 m gr s
(r ¼ 0.75, p < 0.01). Thus, arranging the sites as to their
distance from the shore reveals clear gradients in environmental
factors such as height and sediment composition, which are
important for distribution patterns of zoobenthic species.
3. Results
3.1. Observed species numbers
Total numbers of bivalve species found during the 40-y
sampling period on various parts of the Balgzand tidal ﬂats
amounted to 6e11 per site (closed squares in Fig. 3). The relation-
ship between distance to the shore and this estimates of bivalve
species density (i.e. per 38 m2) could be described by a 2nd order
polynomial ﬁt with statistically signiﬁcant terms (rather than by
a straight line) with a maximal value at an intermediate distance
from the shore of 5.7 km.
Smaller samples (10, 1, and 0.1 m2) yielded increasingly smaller
numbers of species at each site and also changing shapes of the
relationship with distance from the shore (Fig. 3). For the smaller
samples of 1 and 0.1 m2, the relationships between mean species
numbers per sample and distance from the shore could satisfac-
torily be described by linear ﬁts showing statistically signiﬁcant
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Fig. 3. Relationships between distance from the SW shore of Balgzand (D in km) and
numbers N of bivalve species found at 15 sampling sites in differentially sized groups of
samples: (solid squares, curvilinear and thin linear ﬁt) total number found during
entire 40-y (1970e2009) sampling period in 40  0.95 ¼ 38 m2; 2nd order ﬁt:
N ¼ 7.4 þ 0.88*D  0.08*D2; the linear ﬁt (N ¼ 8.45 þ 0.12 D) was non-signiﬁcant.
(open triangles, dotted line) total number found during 11-y (1998e2009) sampling
period in 11  0.95 ¼ w10 m2; the linear ﬁt (N ¼ 7.1 þ 0.002 D) was non-signiﬁcant.
(solid circles, dashed line) 11-y mean number perw1 m2 (using for each site 11 spatial
aggregates of 10 samples of 0.1 m2); linear ﬁt: N ¼ 4.8e0.12*D. (open circles, solid line)
11-y means of number per w0.1 m2 (using for each site 11 annual means of 10 single
samples of 0.1 m2); linear ﬁt: N ¼ 2.9e0.146**D. ** indicates p < 0.01, * indicates
p < 0.05.
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Fig. 2. Relationships between distance from the SW shore of Balgzand (D in km) and
some environmental factors at the 15 sampling stations (means of observations at
equally spaced distances along the transects or within the squares): (a) Intertidal
height (in dm relative to MTL, mean tide level), (b) Median grain size of the sediment
(in mm) and (c) mud content of the sediment (in %). The best linear ﬁts are shown. All 3
correlations were statistically signiﬁcant (p < 0.01 or better).
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(Fig. 3). Maximal values of species density in the smallest samples
were located at <2 km from the shore, i.e. maximal species density
had shifted in a shoreward direction as compared to the location of
total species richness found during 40 year of sampling. Thus,
species numbers in small samples were maximal at locations close
to the shore, where high intertidal heights, high silt contents and
lowmedian grain sizes prevail (Fig. 2), whereas species numbers in
very large samples were maximal at intermediate values of these
conditions.
Because of the strong correlations between distance from the
shore and some environmental factors such as height and sediment
characteristics (Fig. 2), the relationships between each of these
factors and species numbers per sample were similar to those
found with distance from the shore pictured in Fig. 3. Thus, for
small sample sizes, species numbers declined in a straight-line way
with increasingmedian grain sizes and decreasing heights andmud
contents. On the other hand, for large sample sizes, these rela-
tionships were of a humpback shape with maximal species
numbers at intermediate values of height and sedimentcomposition. For large samples and median grain sizes, we showed
the relationship in Beukema and Dekker (2011b). We do not
separately show all other relationships (for smaller samples and
with other environmental factors) for 2 reasons: (1) they were all
shaped similarly to the relationships already shown in Fig. 3, and
(2) we do not knowwhether relationships with any of these factors
would make more sense than with any other one. Because of the
strong mutual correlations, we are not able to decide which factor
(shelter from the vicinity of the shore, intertidal height, or sediment
coarseness) is most important. All might be relevant for an expla-
nation of the distribution of one or more species.
At all sites, species numbers per sample increased with sample
size. However, the degree of this increase, expressed as a ratio of
these numbers in large versus small samples was not equal at the
various sites. The greater the distance from the shore, the higher
were these ratio values (Fig. 4). For instance, near the shore, species
numbers found in 0.1 m2 samples should be multiplied byw2.5 to
obtain an estimate for total species richness (deﬁned as the total
number of bivalve species encountered in 40 years of sampling),
whereas this factor was about twice as high in the most off-shore
part of Balgzand (Fig. 4b). This means that we did not ﬁnd an
identical multiplication factor for all sites to obtain an estimate of
total species richness from species density values found in small
samples.
Increase of species number with increasing sample size are
shown in 2 separate species accumulation curves: for near-shore
and off-shore areas (Fig. 5). The 2 curves were found to intersect
at a sample size of around 10 m2. Species numbers in the smaller
samples (0.1 and 1 m2) were on average signiﬁcantly (no overlap in
standard errors) higher in the near-shore than in the off-shore
areas, whereas there was little difference in the larger samples
(and standard errors overlapped, i.e. there were no longer signiﬁ-
cant differences). In other words: the initial parts of the species
accumulation curves ran with differential slopes to approximately
similar end values. These asymptotic end values cannot be pre-
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Fig. 4. Relationships between distance from the SW shore of Balgzand (D in km) and
ratio values R of average numbers of bivalve species found in large (a: 10 m2, b: 38 m2)
and small samples (solid squares and lines: 0.1 m2; open circles and dashed lines:
1 m2) observed at 15 sites. Best linear ﬁts: (a, solid squares) R ¼ 2.4 þ 0.20**D, (a, open
circles) R ¼ 1.5 þ 0.05*D, (b, solid squares) R ¼ 2.9 þ 0.30**D, (b, open circles)
R ¼ 1.8 þ 0.09*D. ** indicates p < 0.01, * indicates p < 0.05.
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Encountering a speciﬁc species in a sample is a matter of chance
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Fig. 5. Relationships between sample size (area sampled in m2) and mean number
(with 1 standard error, n ¼ 5) of bivalve species per sample for (solid points and lines)
a group of 5 sites located near the shore and (open points, dashed lines) a group of 5
sites located far off-shore.density: numbers per unit area) at the sampling site. In the case of
even distribution patterns, the chance can simply be estimated
from the numerical density: it amounts to 1 in a 0.1-m2 sample at
all densities of >10 m2. As bivalves tend to be less evenly
distributed over tidal ﬂats, even more clustered than random
(Beukema et al., 1983), these chances tend to be lower than such
simple estimates from numerical density. Species occurring at high
densities (>100 m2) would nevertheless be present with at least 1
individual in nearly all samples of 0.1 m2 or larger. For less abun-
dant species, sample size would really matter for the chance of an
encounter and thus for their contribution to species number. In
other words, the composition of large samples could fairly repre-
sent total faunal composition, but small samples would lackmost of
the rare species and would be dominated by abundant species.
The differential chances of catching rare and abundant species
in relatively small samples would hardly matter for the present
study of patterns of species density along a gradient if rare and
abundant species showed a similar frequency at all sections of the
gradient. This was not the case: dense populations were more
frequent near the shore than far off-shore, whereas thin pop-
ulations showed the reverse pattern (Fig. 6). As a consequence,
small samples (by taking almost exclusively abundant species)
show maximal species numbers at sites near the shore. In larger
samples, the contributions of abundant species hardly increase
(nearly all of them were already present in the small samples) and
increases in species density originate from the appearance of rare
species which were more abundant in off-shore sections of the
gradient (Fig. 6). This increasing contribution of rare species with
larger sample sizes occurring particularly in the off-shore parts of
the gradient may explain why the location of the maximal species
density shifted away from the shore as samples became larger
(Fig. 3).3.3. Species composition
All bivalve species observed at the Balgzand tidal ﬂats showed at
some time and at some locations a low abundance. Invariably rare
(<10 m2) were the following 5 species: Abra alba, Kurriella
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Fig. 6. Relationships between distance from the SW shore of Balgzand (D in km) of 15
sites and proportions (%) of all encountered bivalve populations that were either (solid
squares) thin (<10 ind. m2) or (open circles) dense (>100 ind. m2) during the 11 y of
the 1998e2008 period. Numbers of observations per site varied between 35 and 60.
Best linear ﬁts: (thin populations) % ¼ 27 þ 3.32 D (r ¼ 0.84, p < 0.0001) (dense
populations) % ¼ 16e1.68 D (r ¼ 0.66, p < 0.01).
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>100m2 in our samples: Crassostrea gigas, Scrobicularia plana, and
Tellina tenuis. In only 6 bivalve species local populations with high
densities of>100m2 were found. In decreasing order of frequency
(numbers of observation during 11 years of sampling: 1998e2008
at 15 sites): Macoma balthica (31 times), Cerastoderma edule (13),
Abra tenuis (10), Mya arenaria (4), Mytilus edulis (4), and Ensis
directus (3).
Dense populations of >100 m2 were encountered particularly
at sampling sites that were located at short distances from the
shore. At each of the 4 sites closest to the shore, we found a dense
population of any bivalve species about once per year (9e12 times
in the 11 years of the 1998e2008 period). On the other hand, at the
4 sites farthest off shore dense populations were never or only
rarely (at most 3 times per site) encountered in the 11-year period.
The dense populations of Macoma balthica and Abra tenuis were
almost limited to the 4 sites that are located closest to the shore: 25
out of the 31 and 10 out of 10 times in these species, respectively. In
Cerastoderma edule, 7 out of the 13 observations were in this near-
shore area.
4. Discussion
Themain result reported in the present paper is that the pattern
of species density observed along an environmental gradient
depended on sample size (Fig. 3). When the sampled areawas small
(in the order of 1 m2 or less), numbers of species per unit area were
maximal close to the shore, i.e. at high intertidal levels and ﬁne
sediments. With larger areas sampled (by aggregation of smaller
samples), species numbers per sample not only increased, but these
rates of increase differed for different parts of the gradient (Fig. 4),
resulting in maximal values of species density occurring at greater
distances from the shore, at lower intertidal levels and coarser
sediments. The differential shapes of the patterns of species density
along the gradient at different samples sizes as shown in Fig. 3
remained virtually the same when not distance from the shore
was plotted on the horizontal axis but intertidal height or sediment
coarseness. In all cases, a similar shift along the gradient into an off-
shore direction (towards lower intertidal heights/coarser sedi-
ments) was observed in the location of the maximal species density
value as sample size increased. Anyway, the strong correlations
between distance from the shore and height (Fig. 2a) or sediment
coarseness (Fig. 2b and c) would not allow relationships between
species numbers and these environmental factors to differ from
those with distance from the shore.
Declines of species number per sample with increasing distance
from the shore and sediment coarseness were most marked in our
smallest samples (0.1 m2). Even smaller samples as those of 0.02 m2
applied by Compton et al. (2008) and Aarts et al. (2011) revealed
clear declines with increasing sediment coarseness or distance
from the shores in the Wadden Sea (and similar areas) as well,
though at very low levels of species density: from an average of
w1.5 bivalve species per sample at sites with the ﬁnest sediments
to<1 species per sample at sites with coarser sediments (Compton
et al., 2008). These authors did not aggregate samples to study this
relationship on the base of larger samples sizes, as we noted in our
comment to this paper (Beukema and Dekker, 2011b). They
objected to an aggregation of samples, because “it would have
smoothed away meaningful variation in the data” (Compton et al.,
2011). Of course, such loss of detailed information is inherent to
sample aggregation to estimate species richness of an area by
construction of a species accumulation curve or any other extrap-
olation method.
Sample aggregation can be done either by combining small
samples that are taken more or less simultaneously at differentplaces or by combining samples that are taken in the same area in
different periods, or both (as we did). Though we did not speciﬁ-
cally investigate possible problems that might arise from these
aggregating procedures, we would comment on two points. A
consequence of spatial aggregation is that species densities can be
related only to averages of a geographical range of environmental
conditions. An example from the present paper can be found in
Fig. 2a: the (mean) height of the highest site was 3 dm þ MTL and
the mean distance from the shore 0.5 km, whereas the highest
contributing single sample was taken close to the high-water mark
at 6 dm þMTL at <0.1 km from the shore. A possible consequence
of temporal aggregation is that substantial faunal changes might
distort the relationships between environmental conditions and
estimates of species density. Such changes did not occur, but during
the 40 y of consistent observation of the Balgzand fauna we
recorded the arrival of 2 new bivalve species: Ensis directus (see
Dekker and Beukema, 2012) and Crassostrea gigas (see Beukema
and Dekker, 2011a). These species were well represented in our
smaller (0.1, 1, and 10-m2) samples (all taken in recent years, see
legend of Fig. 3), but not in most of the 1-m2 that were aggregated
to the large 38-m2 samples. However, this absence did not affect the
estimates, because estimates of species numbers in the large
samples were cumulative numbers and thus included the new
species wherever they were found.
As regards to species richness, Balgzand appears to be a repre-
sentative part of the Wadden Sea. In 2004, we encountered 11
bivalve species and this number is close to the number of 10 found
by Compton et al. (2008) for the entire Dutch Wadden Sea in that
year. The maximal number of bivalve species we found in any year
was 13 (observed in 2006 by sampling 15  0.95 m2). Over the total
40-year period we encountered even 14 bivalve species (by
sampling 40  15  0.95 m2). These numbers of 13 or 14 might
approach the “true” bivalve species number on Balgzand. We are
well aware that even higher numbers might be found at greater
sampling effort, in particular by extending the number of years of
observation, as new species will almost certainly appear in the area
as a consequence of climate warming (promoting nearby-living
southern species) and long-distance transport of alien species
(Beukema and Dekker, 2011a).
Areas with the highest species richness of bivalve on Balgzand
were located at intermediate distances from the shore where
environmental factors show intermediate values. Not only the
bivalves on Balgzand, but the entire macrozoobenthic community
of the Wadden Sea tends to show its maximal species richness at
intermediate (i.e. non-extreme) environmental conditions, such as
sediment coarseness, current speeds, and intertidal height
(Beukema, 1976, 1988; Dankers and Beukema, 1983; Armonies and
Hellwig-Armonies, 1987; Beukema and Cadée, 1997). In contrast to
total species numbers (and also biomass: Beukema,1988), maximal
numbers of individuals on tidal ﬂats appear to occur particularly at
the mud ﬂats at short distances from the shores, where tidal ﬂats
are at a higher intertidal level, tidal-current speeds are lower and
sediments are generally ﬁner than at lower and more off-shore
sand ﬂats which are exposed to strong tidal currents and wave
action (Beukema and Cadée, 1997; Van Colen et al., 2010). This
differential zoning of species density versus numerical density of
macrobenthic fauna is not conﬁned to Balgzand, but is also re-
ported from German and Danish parts of the Wadden Sea
(Thamdrup, 1935; Linke, 1939; Jepsen, 1965) and from some tidal-
ﬂat areas in France (Bocher et al., 2007). As a consequence, single
small samples will generally showhighest species densities in near-
shore areas which are characterized by ﬁne sediments (as shown by
Compton et al., 2008), whereas studies with larger aggregated
samples might frequently point to maximal species numbers to
occur at locations farther off shore.
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showed high numerical densities. In the present study only 2
bivalve species (Macoma balthica and Abra tenuis) accounted for by
far most of the high-density populations. These high densities
were found particularly in areas near the shore, where the sedi-
ment is relatively ﬁne and daily submersion is short. In other
European near-shore areas, similar distribution patterns were
observed in these 2 species (Dankers and Beukema, 1983; Dekker
and Beukema, 1993; Bocher et al., 2007; Compton et al., 2009;
Kraan et al., 2010). It appears that in particular small-sized
bivalves (such as A. tenuis) and spat-sized individuals of larger
species (such as M. balthica) accumulate in near-shore, high and
ﬁne-grained “refuge” tidal-ﬂat areas where they are relatively safe
from epibenthic predators (Reise, 1985; Armonies and Hellwig-
Armonies, 1992; Beukema, 1993; Hiddink et al., 2002). As
a consequence of the high contribution of spat-sized individuals to
species numbers in small samples particularly in near-shore areas,
the relationships between distance from the shore and species
numbers per sample (as depicted in Fig. 3 for winter samples)
showed even (slightly) steeper declines in summer than in winter
(when spat densities tend to be lower than in summer) in the case
of small samples (0.1 and 1 m2), whereas the shape of these
relationships for larger samples was virtually unaffected by the
season of sampling.
The cause of the phenomenon that sample size decisively affects
the shape of the relationship between environmental factors and
species density was that the species with high and low numerical
densities differed in their distribution over the tidal ﬂats. Dense
populations were predominantly present at near-shore sites,
whereas thin populations were more common at off-shore sites
(Fig. 6). Differential distribution patterns in high- and low-density
species were also observed by Ellingsen et al. (2007). High-
density species represent a minority of the total species assem-
blage, not only in the studied tidal-ﬂat area but also elsewhere
(Gray, 2002; Ellingsen et al., 2007). Species composition in small
samples well represent the high-density species, as even a small
sample can catch at least 1 individual of such a species. For an
adequate representation of low-density species, however, our study
of macrobenthic animals indicated that samples should be sufﬁ-
ciently large, i.e. well over 1 m2. Schoeman et al. (2008) consider
4e5m2 an acceptable level of sampling effort for macrozoobenthos
at sandy beaches. Smaller samples might sufﬁce for species groups
with small individuals (such as meiobenthos and microbenthos)
which mostly occur in high numerical densities. For faunas with
mostly large-bodied species occurring at densities of only a few per
m2, large samples of several m2 appear to be indispensible to locate
areas where species richness is maximal.
Relationships between sample size and species number per
sample have been studied particularly to ﬁnd asymptotic values of
species accumulation curves at very high sampling effort. Such
a procedure is a straightforward and reliable technique to estimate
species richness of an area or assemblage whenever the sampled
surface area is large enough to closely approach the asymptotic
value of species number. This number may then be regarded as the
“true” species richness of the assemblage. However, for the reli-
ability of any extrapolation from smaller samples, a prerequisite
would be a high between-area similarity of the shapes of the
accumulation curves of the areas to be compared (Gotelli and
Colwell, 2001). The fulﬁllment of the similar-shape condition of
accumulation curves (without crossings such as shown in Fig. 5)
appears to be more basic than the choice of an extrapolation
method, as much as theymay differ in their bias of resulting species
richness estimates (Brose et al., 2003; Foggo et al., 2003; Canning-
Clode et al., 2008; Schoeman et al., 2008). As may be expected from
a closer approach to the asymptotic value, bias was smaller assamples were larger (Foggo et al., 2003; Canning-Clode et al., 2008;
Schoeman et al., 2008).
The present study revealed these phenomena of crossing of
species accumulation curves (Fig. 5) as well as differences in
outcomes of extrapolation of species numbers from small samples
(Fig. 4). This means that numbers of species found in small samples
did not allow a reliable estimate of level (Fig. 4) of “true” species
richness of the area, nor could such small samples indicate where
species richness is maximal (Fig. 3). Thus, “hot spots” of biodiversity
could not be detected from single small samples. The use of “point
diversity” (species numbers in samples as small as 0.02 m2) as used
by Compton et al. (2008) and by Aarts et al. (2011) is not only
inadequate, but may be even misleading in indicating locations of
maximal species richness. OnWadden Sea tidal ﬂats, small samples
would wrongly suggest maximal species numbers generally to be
found at near-shore sites, at high intertidal levels and in ﬁne
sediments. Species numbers are maximal there only for the special
group of species that occur mostly in high numerical densities,
which is only a minority of all species occurring in the area.Acknowledgments
The present study is part of a long-termmonitoring program on
macrozoobenthos in the Wadden Sea executed by NIOZ and
ﬁnancially supported by the Dutch Ministry of Transport, Public
Works and Water Management, Water Service (RWS-Waterdienst).References
Aarts, G., Koolhaas, A., Dekinga, A., Holthuijsen, S., Ten Horn, J., Smith, J., Brugge, M.,
Piersma, T., Van der Veer, H., 2011. Benthic Macrofauna in Relation to Natural
Gas Extraction in the Dutch Wadden Sea, NIOZ Report 2011-3, 41 pp.
Armonies, W., Hellwig-Armonies, M., 1987. Synoptic patterns of meiofaunal and
macrofaunal abundances and speciﬁc composition in littoral sediments. Hel-
goland Meeresunters 41, 83e111.
Armonies, W., Hellwig-Armonies, M., 1992. Passive settlement of Macoma balthica
spat on tidal ﬂats of the Wadden Sea and subsequent migration of juveniles.
Netherlands Journal of Sea Research 29, 371e378.
Beukema, J.J., 1976. Biomass and species richness of the macrobenthic animals
living on the tidal ﬂats of the Dutch Wadden Sea. Netherlands Journal of Sea
Research 10, 236e261.
Beukema, J.J., 1988. An evaluation of the ABC-method (abundance/biomass
comparison) as applied to macrozoobenthic communities living on tidal ﬂats in
the Dutch Wadden Sea. Marine Biology 99, 425e433.
Beukema, J.J., 1993. Successive changes in distribution patterns as an adaptive
strategy in the bivalve Macoma balthica (L.) in the Wadden Sea. Helgoland
Meeresunters 47, 287e304.
Beukema, J.J., Cadée, G.C., 1997. Local differences on macrozoobenthic response to
enhanced food supply caused by mild eutrophication in a Wadden Sea area:
food is only locally a limiting factor. Limnology and Oceanography 42,
1424e1435.
Beukema, J.J., Dekker, R., 2011a. Increasing species richness of the macrozoobenthic
fauna on tidal ﬂats of the Wadden Sea by local range expansion and invasion of
exotic species. Helgoland Marine Research 65, 155e164.
Beukema, J.J., Dekker, R., 2011b. Benthic species diversity and sediment composi-
tion: comment on Compton et al. (2008). Marine Ecology Progress Series 440,
281e283.
Beukema, J.J., Cadée, G.C., Hummel, H., 1983. Differential variability in time and
space of numbers in suspension and deposit feeding benthic species in a tidal
ﬂat area. Oceanologica Acta No Sp, 21e26.
Bocher, P., et al., 2007. Site- and species-speciﬁc distribution patterns of mollusks at
ﬁve intertidal soft-sediment areas in northwest Europe. Marine Biology 151,
577e594.
Brose, U., Martinez, N.D., Williams, R.J., 2003. Estimating species richness: sensi-
tivity to sample coverage and insensitivity to spatial patterns. Ecology 84,
2364e2377.
Canning-Clode, J., Valdivia, N., Molis, M., Thomason, J.C., Wahl, M., 2008. Estimation
of regional richness in marine benthic communities: quantifying the error.
Limnology and Oceanography: Methods 6, 580e590.
Compton, T.J., et al., 2008. Distributional overlap rather than habitat differentiation
characterizes co-occurrence of bivalves in intertidal soft sediment systems.
Marine Ecology Progress Series 373, 25e35.
Compton, T.J., et al., 2009. Repeatable sediment associations of burrowing bivalves
across six European tidal ﬂat systems. Marine Ecology Progress Series 382,
87e98.
J.J. Beukema, R. Dekker / Estuarine, Coastal and Shelf Science 111 (2012) 67e7474Compton, T.J., et al., 2011. Sampling bivalves on tidal ﬂats: possibility of missing rare
species, versus smoothing of environmental variation. Marine Ecology Progress
Series 440, 285e288.
Dankers, N., Beukema, J.J., 1983. Distributional patterns of macrozoobenthic species
in relation to some environmental factors. In: Wolff, W.J. (Ed.), 1983. Ecology of
the Wadden Sea, vol. 1. Balkema, Rotterdam, pp. 69e103.
Dapper, R., Van der Veer, H.W., 1981. Onderzoek naar de ruimtelijke variatie van de
bodemsamenstelling op het Balgzand. Interne Verslagen NIOZ, Texel. 1981-
9:21 pp.
Dekker, R., Beukema, J.J., 1993. Dynamics and growth of a bivalve, Abra tenuis, at the
northern edge of its distribution. Journal of Marine Biological Association
United Kingdom 73, 497e511.
Dekker, R., Beukema, J.J., 2012. Long-term dynamics and productivity of a successful
invader: the ﬁrst three decades of the bivalve Ensis directus in the western
Wadden Sea. Journal of Sea Research 71, 31e40.
Ellingsen, K.E., Hewitt, J.U., Thrush, S.F., 2007. Rare species, habitat diversity and
functional redundancy in marine benthos. Journal of Sea Research 58, 291e301.
Ente, P.J., 1969. De bodemgesteldheid en bodemgeschiktheid van het Balgzand en
de Breehorn, vol. 66. Rijksdienst IJsselmeerpolders, Flevobericht, pp. 1e29.
Foggo, F., Attrill, M.J., Frost, M.T., Rowden, A.A., 2003. Estimating marine species
richness: an evaluation of six extrapolative techniques. Marine Ecology Progress
Series 248, 15e26.
Gaston, K.J., 2000. Global patterns in biodiversity. Nature 405, 220e227.
Gotelli, N.J., Colwell, R.K., 2001. Quantifying biodiversity: procedures and pitfalls in
the measurement and comparison of species richness. Ecology Letters 4,
379e391.
Gray, J.S., 2002. Species richness of marine soft sediments. Marine Ecology Progress
Series 244, 285e297.
Hiddink, J.G., Marijnissen, S.A.E., Troost, K., Wolff, W.J., 2002. Predation on 0-group
and older year classes of the bivalve Macoma balthica: interaction of sizeselection and intertidal distribution of epibenthic predators. Journal of Exper-
imental Marine Biology and Ecology 269, 223e248.
Jepsen, U., 1965. Die Struktur der Wattenbiozönosen im Vormündungsgebiet der
Elbe. Archives of Hydrobiology, 252e370. Suppl. 29.
Kraan, C., Aarts, G., Van der Meer, J., Piersma, T., 2010. The role of environmental
variables in structuring landscape-scale species distributions in seaﬂoor habi-
tats. Ecology 91, 1583e1590.
Linke, O., 1939. Die Biota des Jadebusenwattes. Helgoland Wiss Meeresunters 1,
201e348.
Lomolino, M.V., Riddle, B.R., Whittaker, R.J., Brown, J.H., 2010. Biogeography, fourth
ed. Sinauer Ass, Sunderland, Mass, 878 pp.
Nogués-Bravo, D., Araújo, M.B., Romdal, T., Rahbek, C., 2008. Scale effects and human
impact on the elevational species richness gradients. Nature 453, 216e219.
Reise, K., 1985. Tidal Flat Ecology. Springer, Berlin, 191 pp.
Schoeman, D.S., Nel, R., Soares, A.G., 2008. Measuring species richness on sandy
beach transects: extrapolative estimators and their implications for sampling
effort. Marine Ecology 29 (Suppl. 1), 134e149.
Thamdrup, H.M., 1935. Beiträge zur Ökologie der Wattenfauna auf experimenteller
Grundlage. Meddelelser fra Kommissionen for Danmarks Fiskeri-Havunder-
soegelser, Sereis Fiskeri 10, 1e125.
Thrush, S.F., Hewitt, J.E., Norkko, A., Nicholls, P.E., Funnell, G.A., Ellis, J.I., 2003.
Habitat change in estuaries: predicting broad-scale responses of intertidal
macrofauna to sediment mud content. Marine Ecology Progress Series 263,
101e112.
Van Colen, C., et al., 2010. Diversity, trait displacements and shifts in assemblage
structure of tidal ﬂat deposit feeders along a gradient of hydrodynamic stress.
Marine Ecology Progress Series 406, 79e89.
Ysebaert, T., Meire, P., Herman, P.M.J., Verbeek, H., 2002. Macrobenthic species
response surfaces along estuarine gradients: prediction by logistic regression.
Marine Ecology Progress Series 225, 79e95.
